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Redesigning composite frames  
for progressive collapse 
1. INTRODUCTION 
The consequences of a progressive collapse of a major structure include some or all of: human 
losses, great financial damage and public psychological shock due to its dramatic nature. Compared 
with design for other load cases, e.g. gravity, wind and earthquake, the topic has only relatively 
recently become a feature in design provisions. The Ronan Point collapse in 1968 was a critical 
event that changed the way UK structural engineers considered robustness and revealed the need 
for suitable provisions in design codes. More recent events include the Murrah Building collapse in 
1995 and the World Trade Centre collapse in 2001. 
Even though research activity in the field of progressive collapse has increased significantly during 
the past two decades, certain fundamental challenges have yet to be fully addressed: 
a) Develop a comprehensive understanding of the interplay between the various phenomena 
that influence behaviour during progressive collapse. 
b) Identify how and where the structural engineer should intervene in order to efficiently 
enhance the robustness of the building. 
c) Develop guidelines capable of providing efficient and safe design provisions for routine 
design use. 
Designing buildings to resist progressive collapse requires a somewhat different approach 
compared to designing for other load cases such as earthquake, wind or fire. In fact, it requires not 
only a thorough appreciation of the main physical features but also a well-thought analysis 
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methodology for evaluating and comparing the performance of different possible designs 
(Nethercot D.A. et al., 2007). 
Gradually, requirements for reducing the likelihood of such scenarios have been incorporated in 
national and international building regulations and general guidelines have been put into practice 
through the introduction of more focussed provisions in the respective material-specific design 
codes (BSI, 2002, BSI, 2008, NIST, 2007, GSA, 2003). Nevertheless, recent studies have 
demonstrated that these guidelines are based on an imperfect understanding of the mechanisms 
involved (Vlassis A.G. et al., 2008, Nethercot D.A. et al., 2010, Blundell D., 2010, Nethercot D.A. et 
al., 2011, Izzuddin B. A. et al., 2007). The main advantage of the present regulations is the ease with 
which they may be applied using only simple calculations. However, they remain essentially 
prescriptive and helpful only in a limited number of cases while being of questionable relevance in 
others (Nethercot D.A. et al., 2010). Thus, it is impossible for the structural engineer to evaluate the 
actual performance of the structure in an extreme event and hence to compare on a quantitative 
basis the merits of alternative designs. 
For new requirements to be introduced, grounds for a widely accepted quantitative method for 
estimating the robustness of the building must exist. Such an approach should be able to efficiently 
assess performance and should be capable of straightforward application by professional structural 
engineers. At present, on the one hand, most of the analytical approaches that have been 
developed involve the use of complex and demanding numerical analysis, which renders them 
unsuitable for use in routine design. On the other hand, non-analytical approaches usually fail to 
take into account the combined effects of energy absorption capacity, redundancy and ductility 
supply; instead they consider them as a stand-alone measure of structural robustness. 
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In an attempt to overcome these barriers, a method has been developed over the past 6 years at 
Imperial College London, offering a simplified framework for progressive collapse assessment of 
multi-storey buildings under sudden column loss (Izzuddin B.A. et al., 2008, Vlassis A.G. et al., 
2008). It captures all the important physical features, involves only manageable calculations and 
provides the basis for quantitative evaluation. Structural robustness is evaluated on the basis of 
pseudo-static capacity supply and demand, an indicator which accommodates the three 
aforementioned factors. 
Recently, in order to streamline the process, a simplified hand-calculation version of the method for 
the prediction of the beam nonlinear static response following sudden column removal has been 
developed (Stylianidis P., 2011, Stylianidis P. et al., 2009). It has been devised to facilitate extensive 
parametric studies and is quick to run and therefore able to provide comprehensive results. 
Thus, taking advantage of the availability of such advanced tools, the present case study examines 
the vulnerability of an existing design against progressive collapse. The parametric analysis results 
in section 4.4 for the lower levels of structural idealisation help determine the physical components 
that limit the response.  
In addition, by referring to a similar case study (Blundell D. et al., 2010) on an identical frame with 
equivalent bare steel beam sections, the opportunity to highlight the differences in the behaviour 
of composite and bare steel frames has been utilised in section 4.5. The comparison of responses 
reveals that different priorities might need to be considered for composite and for bare steel 
frames.  
Using a simple step by step methodology, sections 4.7 and 4.8 suggest and justify changes in the 
connection design that (for this case study) enhance floor grillage maximum capacity by between 
117% and 155%. In order to align the study with construction practice, certain parameters of the 
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frame, beams and connections are considered as native and unalterable. Thus, the study focuses on 
the realistically alterable parameters of the connections and how their manipulation can influence 
the beam and hence the grillage systems’ pseudo-static response.  
Consequently, the process is identified in section 4.9 as a method suitable for determining a more 
efficient and acceptable alternative design configuration, compared to simply increasing connection 
tensile or compressive resistance. Moreover, the parameters that influence the critical resistance 
mechanism of axially restrained beam systems are discussed in section 4.10. 
 
2. THE IMPERIAL COLLEGE LONDON METHOD  
2.1. Summary 
The method’s application provides a quantitative evaluation of the capacity of the frame subject to 
column loss, which can then be compared with the demand. It takes into account the system’s 
energy absorption capacity, redundancy and ductility supply to determine its pseudo-static 
capacity, which incorporates all three indicators.  
One of its main advantages is that it calculates and takes into account the nonlinear static and/or 
dynamic response using the equivalent absorbed energy concept. Thus, the maximum dynamic 
response can be estimated with reasonable accuracy from the nonlinear static response under 
amplified gravity loading, which eliminates the need for detailed nonlinear dynamic analysis. The 
main three stages of application are: 
i. Determine the nonlinear static response of the damaged structure under gravity loading. 
ii. Carry out a simplified dynamic assessment to establish the maximum dynamic response 
under sudden column loss. 
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iii. Assess the available ductility of the connections. 
The design scenario employed is the “sudden column loss” idealization which is simple to 
investigate and appropriate for comparative evaluation of different structural designs (Izzuddin B.A. 
et al., 2008).  
 
2.2. Multi-level structural idealization 
The Imperial College London method permits a significant reduction in the complexity of the multi-
storey frame model since it makes the reasonable assumption that the deformation of structural 
components will be concentrated in the bay of the lost column (Izzuddin B.A. et al., 2008). 
In addition, provided that the remaining column has sufficient capacity to carry the redistributed 
loading, the model can further be reduced to the floors above the removed column (figure 1b). 
Since each floor works to redistribute the load applied at that level and all the storeys are subject to 
the same loading and design, only one floor needs to be considered in order to assess the capacity 
of the structure in resisting progressive collapse (figure 1c).  
If slab membrane effects are ignored, then the response is only influenced by the individual beam 
models (figure 1d). This allows for the response at higher levels to be deduced from the responses 
at lower levels using any type of analysis, be it detailed finite element or simplified analytical 
models. 
 
2.3. Simplified method 
The simplified hand-calculation method provides a set of explicit equations that link the connection 
bending moment and deformation, the beam axial load and axial deformation as well as the beam 
deflection with the beam loading. By employing the appropriate deformation failure criteria for 
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each connection component, the ultimate ductility and pseudo-static capacity of the system can be 
predicted. It can be applied to either bare steel or composite frames and allows for representation 
of the basic features of beam behaviour such as material and geometric nonlinearity.  
 
2.4. Connection model 
Previous work (Stylianidis P. and Nethercot D. A., 2009) has extended the component method of 
EC3 and EC4 to incorporate the connection bending moment-axial load interaction. Figure 2 shows 
the connection mechanical spring model used. The connection rotation capacities define the beam 
capacity and are associated with the deformations of the connection compressive and tensile 
components (θ’2 and θ’1 respectively). Figure 3 illustrates the support and midspan connection in 
the double span condition for semi-continuous beam systems.  
Its accuracy has been successfully verified against the use of the ADAPTIC finite element analysis 
software. Hence, it is suitable for conducting rapid parametric studies which can be used to 
understand the mechanics of the problem. 
 
2.5. Parametric studies on individual beam systems 
Further investigation (Nethercot D.A. et al., 2009, Stylianidis P. et al., 2009) has helped gain better 
understanding of the parameters influencing the behaviour of the individual beam systems: 
response is principally governed by the rotational capacities of the connections, which depend on 
the relative resistance and stiffness of the tensile and compressive components. The failure 
criterion employed corresponds to the maximum deformation capacity of the connections, which 
depends on the strength, stiffness and ductility of key connection components. Once the rotational 
capacity reserve is exhausted, unloading begins in these connections. 
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2.6. Parametric studies on the floor grillage assembly 
According to the multi-level idealization, the floor response can be determined by the combined 
responses of the constituent beam systems using an appropriate displacement factor (β) related to 
the geometry of the frame to ensure compatibility. 
Recent work (Nethercot D.A. et al., 2011) has shown that the beam system with the lower ductility 
provides the ultimate rotational capacity which defines the deformation at failure for the grillage. 
Up to that level of deformation, the beam with the highest pseudo-static resistance defines the 
overall response of the grillage. These are usually the edge beams or the axially restrained beams. 
Most importantly, since the grillage response depends entirely on the beam responses, the 
previously mentioned connection and beam parameters also govern the floor grillage behaviour. 
 
3. STUDY OUTLINE & METHODOLOGY 
The case study aims at proposing a solution for improving the resistance of the simplified 
Cardington frame model against progressive collapse. It focuses on examining the beam and floor 
grillage systems’ pseudo-static responses by performing a series of parametric studies on selected 
connection parameters. Using these results, it suggests and justifies changes in the connection 
design that will improve the system response. At the same time, it compares the behaviour of the 
composite frame with a bare steel equivalent in order to identify major differences between the 
two systems. The study is conducted in five phases, outlined below: 
Initially, each beam system’s pseudo-static response to sudden column loss is calculated using the 
simplified ICL method and findings are discussed. This helps to identify the basic resistance actions 
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for each system (compressive arching, strain hardening phase, transient catenary or tensile 
catenary) and the weaknesses of the initial configuration. 
In the second phase, a series of parametric tests is conducted for each beam system and a 
maximum of three alternative connection design configurations are chosen based on the following 
criteria: most enhanced system ductility, most enhanced system capacity and the optimum 
combination of these two properties. Subsequently, the beam systems are categorized according to 
the critical resistance action both for their initial as well as for their alternative configuration. A 
comparison is made with the behaviour of the bare steel frame used in a similar study. 
Moving on to the next level of structural idealization (the grillage), a separate analysis for each 
column removal scenario is carried out and the responses are compared with those of the 
equivalent bare steel frame. Together with the conclusions from the previous phase, this highlights 
the advantages and the disadvantages of the composite frame compared to the bare steel 
arrangement. At the same time, when the demand in pseudo-static capacity is found to be higher 
than the supply, the corresponding grillage assemblies are examined in order to find out which 
beam systems limit the response and how. This investigation reveals whether poor performance is 
a result of insufficient ductility, capacity or a combination of both and whether this occurs at the 
beam system or floor grillage structural idealisation level. When possible, these weaknesses are 
quantitatively determined with a percentage ratio based on the projected increase required to 
assist the grillage meet the demand. 
Consequently, this percentage ratio is used as a criterion for matching the weak floor grillages with 
the most appropriate alternative configurations based on the candidate’s impact on increasing the 
system ductility and capacity. If more than one configuration is found to provide the necessary 
features, then the one closer to the initial is chosen.   
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After that, the frame is considered with the new connection design and the grillage assemblies are 
examined in order to evaluate whether the proposed changes have been effective in ensuring the 
frame meets the demand for any potential sudden column loss scenario.  
Furthermore, the above methodology is compared with the approach of current provisions which 
focuses on increasing the connection tying capacity, followed by a discussion on the response 
critical action phases activated for axially restrained beam systems. 
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4. APPLICATION AND RESULTS 
4.1. Layout of the study 
This case study examines the simplified version of the 8-storey composite structure built at the BRE 
large scale test facility at Cardington UK, originally constructed to investigate the behaviour of 
modern composite structures subject to fire (British Steel, 1998). In order to simplify the process as 
well as to be able to examine the influence of certain parameters independently from any interplay 
with others, the following simplifications and assumptions are made: 
• The frame arrangement is simplified from the layout of figure 4 to that of figure 5a: the 
cores are omitted, 2 extra bays are added in the transverse direction and a uniform beam 
length is employed. 
• Loading is simplified to gk+0.25*qk / m2 for the area supported by the removed column, 
ignoring the facade loading caused by the cladding and any additional loading on the roof. 
• The universal beam section chosen corresponds to the edge secondary beam section, in 
order to be able to determine the influence of different beam lengths in an explicit manner. 
• All beam to column and beam to beam connections are assumed to be full depth end plates. 
The longitudinal beam connections are minor column axis while those for the transverse 
beams are major axis connections that include the effect of the shear deflection of the 
column web. 
• A single section is used for both edge and internal columns. 
• Beam flange stiffening using horizontal endplates welded on the beam flange of the support 
connection is considered at a theoretical level only and does not take into account any 
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additional effects of such modifications, nor does it define the required dimensions and 
characteristics of such an endplate. The following complications are ignored: 
o Differences in the flexural and axial stiffness of the beam section. 
o Differences in the position of the compression centre. 
o Variations in the lever arm of the tensile components. 
 
The bare steel beam sections presented in table 1 have been chosen with the criterion of 
maintaining an equivalent moment capacity Wb,Pl,Rd  and beam length to section depth ratio (L/D). 
Table 2 and table 3 provide additional design information whereas figure 6 and figure 7 illustrate 
the composite and bare steel connections respectively. 
In an effort to replicate common construction practice, the case study examines changes in the 
realistically alterable design parameters presented in table 4. In fact, changing the beam design or 
frame arrangement would in most cases be either incompatible with design provisions for other 
load cases, or impractical and expensive or unable to significantly influence the response. 
 
4.2. Influence of axial restraint for this study 
The first set of parametric studies focuses on the parameters influencing the behaviour of the 
individual beam systems. Moreover, the connection tensile components considered include the 
endplate and reinforcement bars, while the beam flange in compression is theoretically enhanced 
via stiffening, since the other compressive component (column shear panel) is either far more 
resistant or, in the case of significant stiffening of the beam flange, considered as rigid. 
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According to the ICL method, the response is governed by the rotational capacities of the 
connections, which depend on the relative resistance and stiffness of the tensile and compressive 
components. Nevertheless, this interplay is defined differently when the boundary joints are axially 
restrained (Stylianidis P. and Nethercot D. A., 2009), which is usually determined by the position of 
the beam system in the frame.  
The beam systems examined in this case study have been categorised in table 5 depending on the 
presence of axial restraint and on whether or not they can be considered semi-continuous over a 
double span after the loss of the midspan column. Figure 5b & figure 5c illustrate an example of the 
beam types considered for the loss of an internal and corner column, along with the conditions of 
axial restraint for the beam systems constituting the corresponding floor grillage. 
Depending on the level of axial restraint, the connections’ loading includes axial forces as well as 
bending moments. Initially, when the connections are loaded with compressive axial forces and 
bending moment, the beam system is in the compressive membrane action phase. As deformations 
increase, the axial forces become tensile and the system enters the transient catenary phase. The 
internal tensile loading is applied at a lever arm distance from the connection rotational centre, 
generating an internal bending moment which at some stage cancels out the external bending 
moment loading. After that point, the system enters the tensile catenary action phase and the 
connections are loaded only with tensile axial loading. Table 6 summarises the participating actions 
for three representative beam system types. 
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4.3. Failure criteria 
Failure of the system essentially begins when the key column to beam connections exhaust their 
maximum rotational capacity, which corresponds to when their components reach their limiting 
deformation. After that point, the system significantly loses the ability to redistribute the loading 
(the contribution of the floor slab is ignored). Even if in some cases it is able to continue providing 
some additional resistance, the approach used in this study does not account for that and thus can 
be considered as conservative, offering the lower bound for resistance in progressive collapse, 
which is the minimum expected pseudo-static capacity. 
4.4. Parametric tests for individual beam systems 
Cantilever beam systems are subjected solely to bending moments. According to the model 
presented in section 2.4, because the connection compressive and tensile forces are equal, failure 
of either component means failure of the system. Thus, connection moment capacity will be equal 
to the lesser of FTRd*d or FCRd*d; if tensile capacity governs then increasing compressive resistance 
will clearly not enhance the connection moment capacity.  
For example, in figure 8 higher percentages of stiffening push the yielding point of the compressive 
beam flange further in the response but this is only beneficial up to the stage at which the tensile 
components become critical first.  
Nonetheless, increasing the reinforcement ratio in figure 9 provides additional resistance and 
deformation capacity for the connection tensile components, which thanks to the reserve 
compressive components’ capacity, boosts system resistance and ductility. However, when the 
compressive components begin to yield before the tensile ones fail (for ρ=1.34% and beyond) 
exploitation of any extra reinforcement is not possible. In fact, the increased stiffness of the tensile 
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components causes the compressive components to yield for lower deflection levels for which the 
system has not had the opportunity to develop most of its resistance. 
  
The axial load is negligible for the axially unrestrained beams and the double span system cannot 
reach full catenary action as the response is governed solely by bending effects. Unlike the 
cantilever system, the tensile components’ brittle failure governs system failure, since yielding of 
the compressive components does not limit the system’s ability to redistribute the loading.  
In general, the support and midspan connections for double-span semi-continuous beam systems 
exhibit different rotation capacities for connection designs that behave differently under hogging 
and sagging bending moment loading (horizontally asymmetrical) such as the composite cases. This 
is due to the difference in the position of the lever arm and the compression centre as well as the 
different behaviour of concrete and steel in compression and tension. 
For example, while the failure point of the midspan connection is unaffected by modifications of 
the reinforcement ratio in figure 10, changes in the endplate thickness in figure 11 can be beneficial 
until the critical component becomes the bolt row; increases beyond tp=12mm limit the rotational 
capacity of the connection because of the increased stiffness of the endplate. 
In addition, for responses in figure 10 and figure 11 corresponding to ρ>1.1.3% or tp>14mm 
respectively, the yielding of the compressive components occurs before the failure of the tensile 
ones, which moves the support connection failure point well past that of the midspan. In fact, as 
Stylianidis observed (Stylianidis P., 2010), the increased deformation of the compressive 
component (θ2’) after yielding reduces the rate of increase in the deformation of the tensile 
components (since Φ’=θ1’+θ2’) which benefits the connection’s total maximum ductility. This can 
often lead to the midspan connection becoming critical instead, which for the reasons outlined 
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above can be accompanied by an increase in system maximum capacity and ductility. Thus, the 
beam system develops an enhanced response by “unlocking” the untapped rotational capacity of 
the midspan connection. 
 
Generally, axially restrained beam systems exhibit higher pseudo-static capacities because of their 
ability to develop compressive arching and transient catenary effects. These mechanisms are 
influenced by the level of axial restraint, L/D ratio, connection stiffness and moment resistance.  
For example, shorter beams demonstrate an enhanced catenary and compressive arching action 
phase, e.g. the transverse compared to the longitudinal system of figure 12. Their lower L/D ratio 
increases the level of axial load in the system which assists the compressive membrane effect. 
However, they can be less ductile because of the larger rotations required for a given displacement, 
which explains the difference in the midspan connection’s failure points for the two arrangements. 
The balance between the support connection compressive and tensile components’ capacity does 
not allow for a peak response during the compressive arching phase of the transverse system to 
take place; the compressive components yield for low deflections before the response can reach a 
local maximum. Whereas in figure 13, high levels (+30%) of theoretical stiffening of the beam flange 
in compression significantly assist the compressive arching action, leading to a peak in response 
during that phase. This agrees with recent research findings (Nethercot D.A. et al., 2011) which 
argue that “the performance of axially restrained long-span beams is similar to the performance of 
the corresponding axially unrestrained beams unless either the connection compressive capacity or 
the connection ductility is very high”; the latter is not true in the present case. 
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4.5. Comparison with the beam system response of an equivalent bare steel 
arrangement  
The mechanics of progressive collapse for the two chosen frames vary, despite the use of broadly 
equivalent beam and column sections. In order to further investigate which parameters are the causes 
of this, the study focuses on comparing responses at the first two basic levels of structural 
idealisation: the individual beam systems presented in table 1 and table 6 as well as the assembled 
floor grillage models presented in section 4.6. 
 
Comparison of the pseudo-static responses in figure 14 and figure 15 shows that the composite 
system attains a higher maximum pseudo-static capacity because of its higher connection bending 
moment resistance and stiffness as well as a low L/D.  Nevertheless, the bare steel system is almost 
twice as ductile: wcomposite/2D=0.19 < wbare/2D =0.4. The thicker compressive beam flange and 
higher deformation capacity of the bare steel connection tensile components (bolts vs. 
reinforcement bars) increase the available θ1,f, (rotation of the tensile rigid bar – see figure 2), 
which subsequently improves the available connection rotation capacity. 
Notwithstanding the level of axial restraint, the inherently different connection design influences 
the balance of tensile and compressive components’ capacity. On the one hand, composite 
connections benefit from the additional deformation capacity of the reinforcement bars and their 
longer lever arm compared to the bolt rows in bare steel connections. Also, the midspan centre of 
compression is raised from the beam top flange into the concrete slab, thereby increasing its 
moment capacity. On the other hand, the thicker beam flange of the equivalent bare steel beams 
increases their connection compressive components’ capacity.  
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The comparison between axially restrained system responses in figure 16 and figure 17 stresses the 
influence of the balance in capacity between the connection compressive and tensile components 
in controlling system pseudo-static resistance.  
Moreover, despite the higher connection strength and stiffness of the composite arrangement, the 
compressive components’ low capacity (yielding occurs for q≈14 kN/m) prevents it from achieving a 
peak response during the compressive arching phase. On the contrary, because of the study’s bare 
steel connections’ increased compressive (yielding occurs between q≈20-15 kN/m) and lower 
tensile component resistance (absence of reinforcement) and deformation capacity compared to 
the composite case, the beneficial effect of axial restraint is more pronounced: for tp<16mm, the 
peak point of the response during the compressive arching phase corresponds to greater capacity 
than does the point of failure.  
In addition, although the composite arrangement achieves an increased capacity (≈ +10%) for 
normal endplates, this difference disappears for the use of endplates thicker than 14mm. At that 
point, the bolt row becomes the critical component of the midspan connection and increases in tp 
only make the connections less ductile. Because of the more favourable balance in connection 
component capacity in the bare steel case, the response can reach high values of pseudo-static 
resistance earlier and thus both arrangements exhibit similar capacities at their failure points, 
despite the advantages of the composite scheme that were mentioned earlier. 
Furthermore, the bare steel system is more ductile by an average of +30% (wcomposite/2D=0.37 < 
wbare/2D =0.49) compared to the composite one, though the available rotational capacity of the 
connections is still not sufficient to allow the system to enter the tensile catenary phase. 
The responses in figure 18 and figure 19 correspond to the transverse and longitudinal beam 
systems, which only differ in their length (Ltransverse=6m, Llongitudinal=9m) and use of major and minor 
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axis beam to column connections respectively. The varying influence of beam length and span to 
depth ratio for the two section types is presented in table 7. The bare steel systems appear to be 
much more “sensitive” to changes in these parameters, which can be attributed to their prominent 
role in the compressive arching and catenary action phases. These actions subsequently govern the 
response depending on which is critical, which is discussed extensively in section 4.10. 
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4.6. Initial floor grillage response 
Table 8 summarises the constituent floor grillage assembly elements corresponding to each column 
removal scenario presented in figure 20. 
The progressive collapse analysis for the composite arrangement reveals the need for design 
interventions aimed at increasing robustness. More specifically, the frame cannot resist progressive 
collapse in internal column loss scenarios (figure 21) with the exception of scenario I1 for which the 
corresponding grillage is composed entirely of axially restrained beam systems. On the contrary, for 
the edge and corner column removal scenarios (figure 22), only the grillage assemblies with the 
cantilever transverse beam system (scenarios E2 and C1) lack the capacity to meet the demand. 
The transverse beam system is critical for most scenarios, as a result of its lower ductility compared 
to the longitudinal beams (figure 18) participating in the grillage assembly (table 8). 
The least favourable scenarios appear to be the internal column removal scenarios closer to the 
edges of the building, instead of the edge column removal scenarios which might intuitively have 
been assumed to be the most critical due to the lack of axial restraint in their constituent beam 
systems. Nonetheless, this can be attributed to the larger pseudo-static capacity demand on these 
areas combined with the low ductility of the double span primary beam systems in this case study. 
Concerning the equivalent bare steel floor grillage assemblies (figure 23 and figure 24), only the one 
corresponding to scenario E3 can meet the demand. The rest do not provide sufficient resistance at 
any stage, even during tensile catenary, so increasing system ductility cannot serve as a 
remediating solution by itself, contrary to the composite arrangement. Vlassis et al (Vlassis A.G. et 
al., 2008) also observed very low pseudo-static capacities of bare steel frames compared to 
composite, amounting to 20% and 75%-105% of the required demand respectively for the cases 
studied. 
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The difference between the resistance of the two arrangements was generally not unexpected, 
given the lower capacities of the axially unrestrained and cantilever bare steel beam systems, 
whose responses are limited by the low strength and stiffness of the connections. Though, for 
grillages comprised mainly of axially restrained beam systems, such as those corresponding to 
scenarios I1, I2 & I3, this is less obvious. For these assemblies, unlike the small difference of 10% in 
capacities observed on the first level of structural idealisation (figure 16 and figure 17), the 
maximum capacity of the composite grillage is 40% higher on average compared to the bare steel 
equivalent.  
The explanation for this difference is found in the form of the constituent beam systems’ response. 
Moreover, as the compressive arching and tensile catenary action phases are more pronounced for 
bare steel, the response maximum capacity is achieved at the peak of the compressive arching 
action phase, followed by a significant drop during the subsequent softening phase. On the other 
hand, the composite system exhibits a more consistent response.  
Therefore, for the bare steel assembly, the response peaks of the constituent beam systems are 
achieved for non-coinciding deformation levels as can be seen in figure 19. Thus, the average 
resistance of the floor system during progressive collapse does not reflect the highest pseudo-static 
capacities observed for the individual beam system responses.  
 
4.7. Choice of the solution for improving resistance in progressive collapse  
The combinations of alternative connection configurations can generate numerous different frame 
arrangements. Despite the fact that some may enhance the pseudo-static responses of the 
individual beam systems this does not guarantee an equal effect for the floor grillage assembly, 
mainly because of the reasons outlined in table 9. 
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In order to avoid conducting unnecessary parametric tests, an appropriate methodology has been 
devised based on the following priorities: 
a) Changes should be as minimal as possible so that the default configuration can be exploited 
in the best possible way. 
b) Changes should be practical to apply according to common construction practice. For 
example, adding reinforcement bars and using thicker endplates is more feasible than 
changing the bolt size or stiffening the beam flange. 
c) Changes should aim at assisting the system achieve optimal system ductility, which is 
defined as the ductility demand on the sub-system at the point of realising the maximum 
contribution to the system pseudo-static capacity from the remaining subsystems, 
accounting for their ductility supply (Izzuddin B.A. et al., 2008). 
Taking these priorities into account, the process for identifying the most appropriate configuration 
can be split into the four steps presented in the next section. They are described in detail for the 
composite frame and the final results are given for both arrangements. 
 
4.7.1. Composite arrangement 
4.7.1.1. Step A 
The simplified frame comprises the beam systems presented in table 5 in the transverse and 
longitudinal direction. From the alterable parameters in table 4, the connection reinforcement ratio 
(ρ) and endplate thickness (tp) are considered in the final alternative connection design. Other 
parameters, such as bolt horizontal gauge, bolt vertical position and beam section capacity have 
been excluded from this process because previous studies (Stylianidis P., 2011, Blundell D. et al., 
22 
 
2010) have shown their influence on the response of the system to be negligible. For each beam 
system type, a series of double parametric tests examine the possible combinations of ρ and tp 
within the ranges given in table 5, calculating the impact on system ductility and capacity. The best 
results are narrowed down using priorities a and b (section 4.7). After that, identifying those which 
are most beneficial for all the system types apart from the one examined, reduces the candidate 
configurations to the ones presented in table 10 according to their critical action phase. 
4.7.1.2. Step B 
The impact of each alternative configuration on the response is quantitatively evaluated and 
compared to the default connection design, which is ρ=0.89% (4Φ16) and tp=10mm. Table 11 and 
table 12 present the percentage increase or decrease in ductility (lighter gray) and capacity (darker 
gray) of the transverse and longitudinal beam systems for the configurations chosen in step A. Since 
in the case of yielding of the connection compressive components for cantilever systems there is no 
explicit failure point, the response is evaluated based on whether it can ultimately provide the 
resistance capacity required. 
 
4.7.1.3. Step C 
The pseudo-static responses of both levels of structural idealisation are examined in order to 
identify the factors that prevent the floor grillages from meeting the resistance demand. The left 
column of table 13 displays the most important factors that limit the floor grillage response 
according to the column removal scenario. For each of them, the configurations that could resolve 
the issue are presented in the right column. 
The critical beam systems are solely those axially unrestrained, while the axially restrained beams 
participating in the grillage can provide significant additional resistance that remains unexploited 
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because of the early failure of the rest of the systems. Thus, focus is on ductility rather than the 
maximum capacity.  
 
4.7.1.4. Step D 
Using the information from the right column of table 13 the configurations likely to be most 
appropriate are identified as these presented in table 14. 
Improvement 4 will be examined only if improvement 3 fails to efficiently enhance the grillage 
response. In addition, since beam flange stiffening is a complex and expensive modification 
compared to changing the endplate thickness and adding reinforcement, it will only be examined if 
the proposed solution fails to sufficiently enhance the grillage response. 
 
4.7.2. Bare steel arrangement 
The methodology is based on the quantitative evaluation of the capacity and ductility deficit. Its use 
requires the original system to be able to provide capacity superior to the demand at some point 
during its response, even if this occurs past the failure point, otherwise the required improvements 
in the constituent beam systems’ response cannot be determined with certainty. Thus, this 
prevents its application for the present equivalent bare steel section because the response does 
not even meet or approach the demand even for the maximum level of deflection (figure 23 and 
figure 24).  
Alternatively, since the bare steel arrangement has only one realistically alterable parameter, which 
is the thickness of the endplate, a simplistic remediating approach would be to determine the 
thinnest endplate for which all floor grillages can resist progressive collapse. The grillage response 
24 
 
for column removal scenario I4 exhibits the lowest pseudo-static capacity over demand ratio and is 
thus chosen as the reference. The parametric study presented in figure 25 determined that even for 
the maximum endplate thickness, tp=20mm, the corresponding floor grillage is unable to muster 
the necessary resistance because of the transverse beam system’s low ductility.  
Since the connection critical component is the bolt row, changes to any other parameter will not 
address the issue. Potentially, the use of more bolts per row might be beneficial, though this is 
often not possible because of Eurocode limitations on minimum horizontal bolt gauge for full-depth 
endplates. 
In conclusion, the bare steel frame is inherently less robust, despite the fact that it is more ductile. 
Its vulnerability against progressive collapse cannot be remediated in this case, at least not without 
having to perform more radical connection design changes, which are outside the scope of this 
study. 
 
 
4.8. Enhanced floor grillage response for the composite arrangement 
The progressive collapse analysis shows an increase in both ductility and resistance of the floor 
grillages using the new connection configuration, all of which now provided the required pseudo-
static capacity. Especially for scenarios I2 and I4 (figure 26 and figure 27), the enhanced ductility of 
the constituent beam systems (table 11 and table 12) is largely reflected in the floor grillage 
responses. For example, the substantial increase in the unrestrained beam system ductility (table 
12) has a clear impact on the response for the edge and corner removal scenarios (figure 28 and 
figure 29) and plays a key role in assisting the grillage meet the demand. The most enhanced 
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responses are those corresponding to column removal scenarios I2 (figure 26), I4 (figure 27), E2 
(figure 28) and C1 (figure 29). 
For the corner removal scenario C1 (figure 29), the critical system is the cantilever beam and the 
critical component is the beam flange in compression. The first “knee” of the static response 
(highlighted within a circle), which tends towards the pseudo-static, defines the yielding point of 
the compressive components. Comparing this to the demand reveals that the system can provide 
the required pseudo-static capacity. 
Table 15 shows a comparison between the variations in capacity and ductility of the constituent 
individual beam systems and the grillage assembly, together with the percentage gain in maximum 
capacity under sudden column loss: 
 
4.9. Evaluation of the methodology compared to tying capacity provisions 
For steel frame structures in the UK, according to clause 2.4.5.2 of BS5950: Part 1 (BSI, 2001), the 
network of structural connections and beams should provide horizontal ties and satisfy the general 
tying condition. According to clause 2.4.5.3, in order to limit the effects of accidental removal of 
supports, steel members acting as horizontal ties and their connections, should be capable of 
resisting the following tensile loads: 
 For internal ties: max[0.5(1.4gk + 1.6 qk)stL, 75kN] 
 For edge ties:  max[0.25(1.4gk + 1.6 qk)stL, 75kN] 
where:  gk and qk are the specified dead and imposed floor loads 
  st is the mean transverse spacing 
  L is the span 
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4.9.1. Composite arrangement 
Table 16 shows that the provided connection tying capacity resistance considerably surpasses the 
provisions’ quota, especially for the composite arrangement. For all cases, the beam tying 
capacities are greater than the connection capacities by a magnitude of 2 to 3 times; thus they are 
not presented in table 16. 
Although the tying provisions are satisfied in all cases, most of the original floor grillage assemblies 
fail to provide the necessary pseudo-static resistance, which means that tying capacity cannot be 
used as a single measure for resistance in progressive collapse. This is also supported by recent 
studies (Vlassis A.G. et al., 2008, Stylianidis P. et al., 2009, Nethercot D.A. et al., 2011, Nethercot 
D.A. et al., 2010, Nethercot D.A. and Stylianidis P., 2011) which indicate that it neglects the 
following: 
 Influence of axial restraint on the compressive arching action, which affects the level of 
absorbed energy before the system enters the final catenary stage and thus its pseudo-
static capacity. 
 Dynamic effects, which increase the system ductility requirements. 
 Available connection rotational capacity, which may be exhausted before reaching the final 
catenary action phase.  
For the semi-continuous axially restrained beams of this study, tying capacity is activated only 
under very large deflections, which are within the range of 1.7D-2.2D - significantly beyond the 
failure point by a difference in deflection of 0.4D-0.9D as presented in table 17. 
Increasing tying capacity is compared with the proposed method via the following process: 
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Either of the tensile components is enhanced without altering the other until the connection tying 
capacity becomes equal to that of the configuration determined in section 4.7.1 (table 14). The 
efficiency of the methodology is evaluated by comparing the floor grillage responses for the most 
critical column removal scenarios, which are I3, I4 and E2. 
As shown in figure 30 and figure 31, for approximately the same level of connection tying capacity, 
each connection design configuration leads to a different response.  
The use of thicker endplates (max tp) increases the connection tensile and bending resistance but 
its rotational capacity is still limited by the reinforcement or the bolt row deformation capacity. For 
this reason, while it is almost equally efficient in improving the resistance for some scenarios e.g. I3, 
I4, E1 and E4 (figure 30), it is less efficient for others e.g. I2, E2 and E3 (figure 31). Thus, contrary to 
the optimised configuration, it only enhances beam system capacity and not ductility. 
The endplate or the bolt row deformation capacity also constrains the maximum benefits of using 
just additional reinforcement (max ρ). Again, for scenario E2 in figure 31, the lack in ductility causes 
a 15% negative difference in pseudo-static capacity compared to the system with the optimised 
connection configuration.  
Thus, the use of the proposed methodology can lead to a significantly more ductile and to some 
extent more resistant frame, compared to other arrangements with equal connection tensile 
resistance as shown in table 19. Moreover, the use of such arrangements, which constitute a 
“heavy connection design”, might be impractical in construction and might conflict with the design 
provisions for other load cases. 
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4.9.2. Bare steel arrangement 
Similar to the composite frame, table 17 and table 18 show that tying capacity provisions are fully 
met for the bare steel arrangement. Nonetheless, its resistance in progressive collapse is still 
inadequate, as discussed in section 4.6, even for the maximum endplate thickness considered in 
this study, as determined in section 4.7.2.  
In addition, the tying capacity and pseudo-static resistance supply/demand ratios presented in 
table 20 suggest little if any correlation between the two; using a 20mm instead of an 18mm 
endplate increases average connection tying capacity by 7% but decreases grillage capacity for 
scenario I4 by 6%. 
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4.10. Response critical action phases for axially restrained beam systems 
During a progressive collapse initiation scenario, such as sudden column loss, the pseudo-static 
response of semi-continuous beam systems benefits from a series of non-linear resistance 
mechanisms, thanks to the presence of axial restraint at the boundary joints.  
The ductility reserve of the system defines the critical action phase during which the system will 
fail. As described in section 4.2, for low deflection levels, the system enters the compressive arching 
action phase. For larger deflections, the connection axial load becomes tensile and the system 
enters the transient catenary phase, during which the connections are still under some bending 
moment loading. For substantial deflection levels, the system enters the pure tensile catenary 
action phase, hence the connections support the system with their tensile resistance, similar to a 
catenary. 
The “deflection level” is measured as the beam system midspan vertical deformation over twice the 
beam depth (w/2D). It is influenced by the same parameters affecting the pseudo-static response of 
the system. More precisely, beam deflection (w) due to lateral loading (q) is associated with beam 
bending, support joint axial deformation (Δs) as well as with the rotation of the midspan (Φ) and 
support (Φ’) connections of the double-span beam. Notwithstanding, as described in table 4, most 
of the parameters of the beam and the frame are unalterable in a realistic design study.  
Each phase is influenced by different parameters due to the different nature of loading at the 
connections. The compressive arching action phase can provide a peak response for low deflections 
if the compressive components do not yield very early, allowing the further exploitation of the 
tensile components’ deformation capacity, as has been discussed in section 4.4.  
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Failure within the transient catenary phase should be addressed by enhancing the tensile 
components’ deformation capacity, which helps the connection develop sufficient bending moment 
resistance and rotational capacity to reach the tensile catenary phase. Past that point the resistance 
depends on connection tying capacity. 
Thus, for the system to reach this final phase its connections must be very ductile; the 
corresponding rotational capacity is 110-120 mrads for the transverse beams of this study. Even if 
this is within the GSA (GSA, 2003) and DoD (Department of Defense, 2005) guidelines’ acceptance 
range (210mrad) for non-linear modelling of such connections, table 21 shows that the connections 
for this study can only provide a maximum connection ductility of 76mrads. 
The capacity balance between the compressive and tensile components of the connections for each 
loading scenario is decisive in determining the critical action phase. It not only affects the 
connection rotational capacity but also the ultimate deflection corresponding to each action phase.  
For example, in row 3 of table 21, the use of enhanced support connection tensile components 
causes the compressive arching action phase to end for half the deflection level compared to the 
default configuration, due to the compressive components’ early yielding. Subsequently, although 
the system ductility remains roughly the same (w/2D=0.49 instead of 0.53), the failure point is now 
located within a different critical action phase, the transient catenary phase. Thus, changes in the 
connection components have a direct influence on the response critical action phase. 
 
31 
 
5. CONCLUSIONS 
 
A. Based on this study, it is possible to design a frame, otherwise prone to progressive collapse, in 
a way that it will be robust enough to cope with any sudden column removal scenario. 
However, it is essential that: 
A.1. the critical mode of behaviour of the individual beam systems be identical in terms of 
ductility, otherwise the floor grillage response will not reflect the maximum resistance 
of the constituent systems, 
A.2. the connection critical component be realistically alterable, otherwise changes in other 
parameters will have a limited effect on the system pseudo-static capacity. Some 
components are more practical to modify, such as the endplate and the reinforcement, 
while others require more tenuous and complex work, such as the beam compressive 
flange stiffening. 
 
B. The balance of capacity between the connection compressive and tensile components is highly 
influential on its rotational capacity. If either component is too weak compared to the other, its 
premature failure limits the initial pseudo-static response. 
C. Axially restrained beam systems almost always exhibit an enhanced pseudo-static response 
compared to axially unrestrained ones. Thus, when choosing alternative configurations in order 
to improve floor response, priority should be given in increasing the ductility and –if possible- 
the capacity of the unrestrained and cantilever beam systems, so that the grillage can take full 
advantage of the compressive arching and catenary action of the axially restrained members. 
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D. Whilst the response of the individual beam systems is of interest in order to understand which 
physical parameters influence the response to sudden column loss and how this is achieved, it is 
actually the response at the higher levels of structural idealisation, namely the floor grillage, 
that principally determine the resistance of the frame against progressive collapse. 
 
E. The column removal scenarios most sensitive to progressive collapse are not always the ones 
comprising axially unrestrained beams; internal columns, which usually comprise axially 
restrained systems, support larger areas and thus must provide an increased pseudo-static 
resistance. 
 
F. Bare steel arrangements are inherently less robust against a progressive collapse scenario 
because of the reduced connection resistance and initial stiffness. 
 
G. It is possible to determine common improvements to the connection configuration for all beam 
to column connections, instead of having to employ more than one configuration for each 
connection type in the frame, using the proposed methodology. 
 
H. The proposed methodology is capable of highlighting the system weaknesses and efficiently 
remediating the simplified frame’s robustness by taking into account on a case by case basis the 
needs for ductility, pseudo-static capacity and tying capacity of the connections. Compared to 
simply increasing tying capacity, which does not involve an adaptive process other than meeting 
certain quotas in connection and beam tensile resistance, it provides a significantly more 
ductile, lighter (in terms of connection component size) and to some extent more resistant 
frame. 
33 
 
 
I. Increasing tying capacity does not have a direct and proportional effect on the frame’s 
resistance to progressive collapse. In addition, most of the systems examined do not reach the 
tensile catenary action phase because of the extreme rotational capacity requirements at the 
connections. 
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LIST OF CAPTIONS OF FIGURES: 
Figure 1: Simplified Multi-level Approach for Progressive Collapse Assessment 
 
 
Figure 2: Connection Mechanical Spring Model 
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Figure 3: Axially restrained double-span beam system with the removal of the midspan column 
 
 
Figure 4: Initial Cardington frame layout 
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Figure 5: Simplified Cardington frame arrangement 
 
 
Figure 6: Composite arrangement connections 
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Figure 7: Bare steel arrangement connections 
 
 
Figure 8: q-s response of transverse cantilever systems for increased connection compressive 
components’ resistance (ρ=1.79%, +0% to +100% variation in comp. resistance) 
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Figure 9: q-s response of transverse cantilever beam systems for varying reinforcement ratios 
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Figure 10: q-s response of transverse unrestrained beam systems for varying reinforcement ratios 
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Figure 11: q-s response of transverse unrestrained beam systems for varying endplate thickness 
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Figure 12: Comparison between transverse and longitudinal axially restrained double span beam 
systems 
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Figure 13: q-s response of restrained beam systems for increased connection compressive 
components’ resistance (ρ=1.79%, -40% to +200% variation in comp. resistance) 
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Figure 14: q-s response for cantilever composite beam system for varying connection endplate 
thickness tp 
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Figure 15: q-s response for cantilever bare steel beam system for varying connection endplate 
thickness tp 
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Figure 16: q-s response of composite restrained beam systems for varying endplate thickness 
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Figure 17: q-s response of bare steel restrained beam systems for varying endplate thickness 
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Figure 18: q-s response of the composite transverse and longitudinal beam systems 
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Figure 19: q-s response of the bare steel transverse and longitudinal beam systems  
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Figure 20: Column removal scenarios for the simplified Cardington frame arrangement 
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Figure 21: Q-s response of composite floor grillage assemblies for internal column removal 
scenarios 
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Figure 22: Q-s response of composite floor grillage assemblies for edge & corner column removal 
scenarios 
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Figure 23: Q-s response of bare steel floor grillage assemblies for internal column removal scenarios 
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Figure 24: Q-s response of bare steel floor grillage assemblies for edge & corner column removal 
scenario 
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Figure 25: Q-s response of bare steel floor grillage assemblies for scenario I4 for different 
connection endplate thickness 
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Figure 26: Q-s for the default and improved composite connection design for I2 column removal 
scenario 
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Figure 27: Q-s for the default and improved composite connection design for I4 column removal 
scenario 
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Figure 28: Q-s for the default and improved composite connection design for E2 column removal 
scenario 
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Figure 29: Q-s for the default and improved composite connection design for C1 column removal 
scenario 
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Figure 30: Q-s response comparison between alternative connection configurations for column 
removal scenario I1 
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Figure 31: Q-s response comparison between alternative connection configurations for column 
removal scenario E2 
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LIST OF CAPTIONS OF TABLES: 
Table 1: Beam system information for the composite and the equivalent bare steel frame 
Table 2: Beam system information for the composite and the equivalent bare steel frame 
 Type L 
(m)
Beam section Wb,Pl,Rd 
[kNm] 
Midspan 
deflection (mm) L/D 
Primary / transverse Composite 6 356x171x51 UKB 559.5 3.89 13.4
Primary / transverse Bare steel 6 457X152X82 UKB 577.6 5.53 13.5
Secondary / longitudinal Composite 9 356x171x51 UKB 638.5 5.98 20.0
Secondary / longitudinal Bare steel 9 457X152X82 UKB 643.3 8.34 20.1
Column  305x305x198 UKC  
 
 
Table 3: Composite and bare steel element dimensions, grade and type 
Table 4: Composite and bare steel element dimensions, grade and type 
Element Dimensions Grade Type 
Steel beam varying S355 UKB 
Composite slab hc = 130mm , hc = 70mm, c=50mm 35 (lightweight)  
Reinforcement varying S 460  
 
 
Table 5: Connection component information 
Table 6: Connection component information 
Component Type Grade fy [kN/mm2] Dimensions (mm) 
Plate  Full depth end-plate S275 0.275 Tp=10, Bp=150, Dp=Dbeam 
Bolts 2 M20 (22mm holes) - 4 rows 8.8 0.640 g=90, e1T=90, p1,2,3=70 
Welds Fillet welds - - 6 x 6 mm 
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Table 7: Unalterable and alterable frame, beam and connection parameters for this case study 
Table 8: Unalterable and alterable frame, beam and connection parameters for this case study 
 Unalterable (native to 
the frame)  
Alterable parameters Range 
FRAME 
Frame arrangement. 
 Beam system length. 
Axial restraint. 
BEAM 
Thickness of slab and 
profile height. 
Reinforcement ratio (ρ) 
(tensile component) 
ρ = 0%-3.57 
step ≈ 0.45% (2Φ16) 
Beam and column 
sections. 
Span/depth ratio 
(indirectly) 
Comparison between transverse 
and longitudinal beam systems 
Beam moment 
capacity/ axial stiffness Beam length (indirectly) 
Comparison between transverse 
and longitudinal beam systems 
Beam section depth. 
CONNECTIONS 
Bolt size. 
Endplate thickness tp
(tensile component) 
tp = 8mm – 20mm 
step = 2mm 
Bolt row geometry and 
number. 
Beam flange stiffening
(compressive component) 
Fyc,bf,Rd’ = 60%-300% * Fyc,bf,Rd 
step ≈ 10% 
 
 
Table 9: Beam system types 
Table 10: Beam system types 
BEAM SYSTEM TYPE 
(standard identification 
used in this study) 
Boundary joints are axially 
restrained 
Boundary joints are not axially 
restrained 
Single span  “Cantilever” beam system 
Double-span, semi-
continuous 
“Axially restrained” beam 
systems “Axially unrestrained” beam systems 
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Table 11: Influence of axial restraint on the participating actions during beam systems’ pseudo-
static response 
Table 12: Influence of axial restraint on the participating actions during beam systems’ pseudo-static response 
 Combined bending & compressive arching effects 
Combined bending 
& tensile effects Final catenary action 
Simply supported 
axially restrained   
Carries lateral loading through 
catenary action 
Semi-continuous 
axially restrained 
Performance depends on connection stiffness and 
strength rather than connection tying capacity. 
Requires very high connection 
ductility. Notwithstanding, max 
capacity might be achieved in 
earlier stages. 
Semi-continuous 
axially unrestrained Bending effects only  
 
Table 13: Influence of beam length and length to depth ratio on system response  
Table 14: Influence of beam length and length to depth ratio on system response 
 Response characteristic 
Influence on response 
(Composite)  
Influence on response  
(Bare steel) 
L* 
& 
L/D* 
Ductility 
(% relative 
variation) 
Longitudinal beam systems 
moderately more ductile: 
• Cantilever: +30% 
• Double span: +10% 
Considerable gain in ductility for longitudinal systems: 
• Cantilever: +45% 
• Double span axially unrestrained: +43% 
• Double span axially restrained: +17% 
Compressive 
arching & 
tensile catenary 
action phases 
Compressive arching and 
tensile catenary action 
more pronounced for the 
transverse beam systems. 
Due to inherent low connection strength and lower L/D, 
catenary action is less pronounced for the shorter beam.  
On the other hand, because compressive arching effects are 
already more pronounced for the bare steel system, the 
shorter L boosts the peak capacity attained during this stage. 
Capacity 
(% relative 
variation) 
Noticeable loss on average 
for the longitudinal beam 
systems: 
• Average loss: - 40% 
Noticeable loss on average for the longitudinal beam 
systems, substantial loss for those axially restrained: 
• Cantilever: - 35% 
• Double span unrestrained: -37% 
• Double span restrained: -52% 
Beam to column 
connection No effect on the response (critical compressive component: beam flange). 
Beam moment 
capacity (Wb,Pl,Rd) 
Negligible effect on the response. 
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Table 15: Floor grillage assemblies depending on the column removal scenario 
Table 16: Floor grillage assemblies depending on the column removal scenario 
# Description 
Constituent primary / 
transverse beam systems
Constituent secondary 
/longitudinal beam systems 
Supported 
floor area 
(m2) 
Demand 
(kN) 
# β Axial restraint # β Axial restraint 
I1 Internal 1 1 yes 1 1 yes 
216 1024 
   2 0.5 yes 
I2 Internal 1 1 yes 1 1 no 
   2 0.5 no 
I3 Internal 1 1 no 1 1 yes 
   2 0.5 yes 
I4 Internal 1 1 no 1 1 no 
   2 0.5 no 
E1 Edge 1 1 cantilever 1 1 yes 
108 512 
   1 0.5 yes 
E2 Edge 1  1   cantilever 1 1 no 
         1 0.5 no 
E3 Edge 1  1   yes 1 1 cantilever 
         2 0.5 cantilever 
E4 Edge 1  1   no 1 1 cantilever 
         2 0.5 cantilever 
C1 Corner 1  1   cantilever 1 1 cantilever 54 256 
         1 0.5 cantilever 
* β is a displacement factor related to the geometry of the frame to ensure compatibility 
 
Table 17: Potential complications concerning pseudo-static resistance when moving from the basic 
(beam system) to the next level of structural idealisation (floor grillage) 
Table 18: Potential complications concerning pseudo-static resistance when moving from the basic (beam system) to 
the next level of structural idealisation (floor grillage) 
Potential complication Examples from this study (section 4.6) 
The low ductility of one or more individual beam systems may still 
limit the floor response, even if the rest of the constituent beam 
systems are very ductile and exhibit significant capacities. 
Internal column removal 
scenarios I2, I3 & I4 for the 
composite steel arrangement 
Peak capacities of the constituent beam systems may be achieved 
for non-coinciding deformation levels, limiting the contribution of 
these systems to the floor system response. 
Internal column removal 
scenarios I1, I2 & I3 for the 
bare steel frame 
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Table 19: Critical action phases for the candidate connection configurations: 
Table 20: Critical action phases for the candidate connection configurations 
 Transverse semi-continuous axially restrained beam system 
Longitudinal semi-continuous 
axially restrained beam system 
Default configuration 
ρ=0.89% (4Φ16) - tp=10mm Compressive arching Compressive arching 
Improvement 1 
ρ=1.34% (6Φ16) - tp=12mm Transient catenary Transient catenary 
Improvement 2 
ρ=1.79% (8Φ16) - tp=12mm Transient catenary Transient catenary 
Improvement 3 
ρ=1.34% (6Φ16) - tp=10mm Transient catenary Transient catenary 
Improvement 4 
ρ=1.79% (8Φ16) - tp=10mm Transient catenary Transient catenary 
 
 
Table 21: Alternative configurations - impact on primary/transverse beam systems’ response 
Table 22: Alternative configurations - impact on primary/transverse beam systems’ response 
Impact on ductility (%)* IMPACT ON BEAM SYSTEM RESPONSE 
Impact on capacity (%)* Improvement 1 
ρ=1.34% (6Φ16) - tp=12mm 
Improvement 2 
ρ=1.79% (8Φ16) - tp=12mm BEAM SYSTEM TYPE 
Primary single span 
cantilever 
n/a (yielding of compressive components) n/a (yielding of compressive components) 
+60% +70% 
Primary semi-continuous 
axially unrestrained 
+ 35% +200% 
+55% +60% 
Primary semi-continuous 
axially restrained 
- 5% - 5% 
+20% +30% 
* rounded-up values 
 
 
 
 
69 
 
Table 23: Alternative configurations - impact on secondary/longitudinal beam systems’ response 
Table 24: Alternative configurations - impact on secondary/longitudinal beam systems’ response 
Impact on ductility (%)* IMPACT ON BEAM SYSTEM RESPONSE 
Impact on capacity (%)* Improvement 3 
ρ=1.34% (6Φ16) - tp=10mm
Improvement 1 
ρ=1.34% (6Φ16) - tp=12mm
Improvement 4 
ρ=1.79% (8Φ16) - tp=10mm BEAM SYSTEM TYPE 
Secondary single span 
cantilever 
n/a (yielding of compressive 
components) 
n/a (yielding of compressive 
components) 
n/a (yielding of compressive 
components) 
+65% +60% +70% 
Secondary semi-
continuous axially 
unrestrained 
+270% +45% +270% 
+45% +50% +50% 
Secondary semi-
continuous axially 
restrained 
+20% 0% +30% 
+15% +25% +30% 
* rounded-up values 
 
Table 25: Factors limiting floor grillage response factors and potential remediating solutions 
Table 26: Factors limiting floor grillage response factors and potential remediating solutions 
Scenario Factors limiting response Potentially remedial improvements 
I2 
Very low ductility (-45%) of the axially 
unrestrained secondary beam system. 
Improvement 3: +270% ductility increase 
Improvement 4: +250% ductility increase 
I3 
Very low ductility (-40%) of the axially 
unrestrained primary beam system. 
Improvement 2: +250% ductility increase 
I4 
Very low ductility (-35%) of the axially 
unrestrained secondary beam system. 
Improvement 3: +270% ductility increase 
Improvement 1: +45% ductility increase 
Improvement 4: +250% ductility increase 
Very low ductility (-45%) of the axially 
unrestrained primary beam system. Improvement 2: +250% ductility increase 
E2 
Inadequate ductility (-5%) of the 
axially unrestrained secondary beam 
system. 
Improvement 3: +270% ductility increase 
Improvement 1: +45% ductility increase 
Improvement 4: +250% ductility increase 
Inadequate ductility (-10%) of the 
cantilever primary beam system. 
Improvement 1: capacity increase only possible 
Improvement 2: capacity increase only possible 
C1 Inadequate ductility (-25%) of the cantilever primary beam system. 
Improvement 1: capacity increase only possible 
Improvement 2: capacity increase only possible 
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Table 27: Final choice of alternative connection design configurations 
Table 28: Final choice of alternative connection design configurations 
 Final choice of alternative configurations 
Primary beam system Improvement 2 - ρ=1.79% (8Φ16) - tp=12mm 
Secondary beam system 
Improvement 3 - ρ=1.34% (6Φ16) - tp=10mm 
Improvement 4 - ρ=1.79% (8Φ16) - tp=10mm 
 
 
Table 29: Capacity-Demand ratio & percentage of the gain in maximum capacity under sudden 
column loss 
Table 30: Capacity-Demand ratio & percentage of the gain in maximum capacity under sudden column loss 
Column removal 
scenarios 
Capacity-Demand ratios (r = qRd/qsd) Max capacity gain (%) Initial configuration Improved configuration 
I1 1.09 1.27 +117% 
I2 0.94 1.26 +134% 
I3 0.82 1.23 +150% 
I4 0.90 1.25 +139% 
E1 1.08 1.43 +132% 
E2 0.95 1.47 +155% 
E3 1.25 1.70 +136% 
E4 1.02 1.55 +152% 
C1 0.93 n/a (>1) +117% 
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Table 31: Tying capacity-demand ratio and additional required connection ductility 
Table 32: Tying capacity-demand ratio and additional required connection ductility 
   Tsd TRd Tsd/ TRd 
Transverse / Primary 
Composite Internal 668 263 2.54 Edge 668 132 5.06 
Bare steel Internal 319 263 1.21 Edge 319 132 2.42 
Longitudinal / Secondary 
Composite Internal 668 132 5.06 Edge 668 75 8.91 
Bare steel Internal 319 263 1.21 Edge 319 132 2.42 
 
 
Table 33: Comparison of the failure point with the initiation of tensile catenary stage 
Table 34: Comparison of the failure point with the initiation of tensile catenary stage 
 
 
D (mm) wi for N=0 Failure point 
w (mm) w/2D w (mm) w/2D wi/2D (wi for N=0) 
Transverse 
/ Primary 
Composite 449.25 764 0.85 473 0.55 0.3 
Bare steel 446.9 830 9.5 656 0.75 0.2 
Longitudinal 
/ Secondary 
Composite 449.25 896 1 500 0.55 0.45 
Bare steel 446.9 972 1.1 791 0.9 0.2 
 
 
Table 35: Alternative connection configurations with similar tying capacity 
Table 36: Alternative connection configurations with similar tying capacity 
 Connection configuration Tying capacity Tsd TRd Tsd/ TRd 
Transverse / 
Primary 
Initial configuration Default ρ=0.89% (4Φ16) - tp=10mm 668 263 2.54 
Methodology defined  ICL ρ=1.79% (8Φ16) - tp=12mm 1160 263 4.41 
Increase in tp only maxtp ρ=0.89% (4Φ16) - tp=18mm 1145 263 4.35 
Increase in ρ only maxρ ρ=2,23% (10Φ16) - tp=10mm 1196 263 4.55 
Longitudinal 
/ Secondary 
Initial configuration Default ρ=0.89% (4Φ16) - tp=10mm 668 132 5.06 
Methodology defined  ICL ρ=1.34% (6Φ16) - tp=10mm 843 132 6.39 
Increase in tp only maxtp ρ=0.89% (4Φ16) - tp=12mm 806 132 6.11 
Increase in ρ only maxρ ρ=1.34% (6Φ16) - tp=10mm 843 132 6.39 
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Table 37: Comparison between connection designs with similar tying capacity 
Table 38: Comparison between connection designs with similar tying capacity 
 Variation % in floor grillage ductility Variation % in floor grillage pseudo-static capacity 
Configuration
/ Scenario Max tp Max ρ IC Maxt p Max ρ  IC 
I1 +13.5% +13.5% -6.5% +29% +24% +17% 
I2 -3% -3% +67% +25% +16% +34% 
I3 +146% +146% +105% +54% +41% +38% 
I4 +17% +17% +105% +42% +32% +50% 
E1 +127% +127% +150% +29% +36% +33% 
E2 +8% +8% +205% +24% +31% +54% 
E3 +4% +4% +77% +28% +15% +36% 
E4 +46% +46% +105% +58% +40% +52% 
average 45% 45% 101% 36% 29% 39% 
 
 
Table 39: Tsd/ TRd & Qsd / Qrd for the bare steel arrangement semi-continuous unrestrained beam 
systems 
Table 40: Tsd/ TRd & Qsd / Qrd for the bare steel arrangement semi-continuous unrestrained beam systems 
Connection 
configuration 
Beam 
system type 
Tying capacity Pseudo static capacity / demand for scenario I4 
Tsd TRd Tsd/ TRd Qsd / Qrd 
tp = 10 mm 
Transverse 320 263 1.2 
0.51 
Longitudinal 296 132 2.3 
tp = 18 mm 
Transverse 804 263 3.1 
0.90 
Longitudinal 796 132 6.0 
tp = 20 mm 
Transverse 860 263 3.2 
0.85 
Longitudinal 855 132 6.5 
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Table 41: Deflection levels and connection rotations for the critical action phases in axially 
restrained beam systems (The gray colour denotes the critical phase) 
Table 42: Deflection levels and connection rotations for the critical action phases in axially restrained beam systems 
(The gray colour denotes the critical phase) 
 Compressive 
arching 
Transient 
catenary Tensile catenary Failure 
 
Φ’ Φ Φ’ Φ Φ’ Φ 
 
Φ’ Φ 
mrad mrad mrad mrad
Transverse (default 
connection config.) 
0.02
-
0.66 
2 
- 
95 
1 
- 
94 
0.66
-
0.85 
95 
- 
132
94  
- 
 120 
0.85
+ 132+ 120+ 0.53  74 76 
Longitudinal (default 
connection config.) 
0.03
-
0.72 
1 
- 
66 
1 
- 
67 
0.72
-
1.00 
66 
- 
107
67 
- 
88 
1.00
+ 107+ 88+ 0.56 48 52 
Transverse 
(methodology 
determined config.) 
0.03
-
0.29 
2 
- 
39 
2 
- 
40 
0.29 
– 
0.78 
39 
- 
118
40 
- 
109 
0.78
+ 118+ 109+ 0.49 69 69 
Longitudinal 
(methodology 
determined config.) 
0.03
-
0.55 
0.6 
- 
46 
0.6 
- 
51 
0.55 
– 
0.93 
46 
- 
95 
51 
- 
83 
0.93
+ 95+ 83+ 0.66 58 62 
 
 
 
 
